There are no reported studies on the effects of ambient air pollution on emergency department (ED) attendances in Sydney, Australia. This study aimed to determine associations between ambient air pollutants and ED attendances for cardiovascular disease (CVD) in those aged 65 þ years. We constructed daily time series of hospital ED attendances, air pollutants and meteorological factors for the Sydney metropolitan area from 1 January 1997 to 31 December 2001. We used generalised linear models to determine associations between daily air pollution and daily ED attendances and controlled for the effects of long-term trends, seasonality, weather and other potential confounders. Increased ED attendances for all CVD, cardiac disease and ischaemic heart disease were seen with 24-h particulate pollution, 1-h NO 2 , 8-h CO and 24-h SO 2 . Air pollutants were associated with decreased ED attendances for stroke. The effects of air pollutants on CVD, cardiac disease and stroke attendances were generally greater in the cool period compared to the warm period. The single-pollutant effects of CO, O 3 , NO 2 and SO 2 were essentially unchanged in two-pollutant models. Although air pollution levels in Sydney are relatively low compared to similar cities, we have demonstrated associations between ambient air pollutants and ED attendances for CVD in people aged 65 þ years. Our study adds to the growing evidence for the effects of ambient air pollution on CVD outcomes even at relatively low ambient concentrations.
Introduction
Acute effects of ambient air pollution on mortality and hospital admissions have been well documented in both Australia and elsewhere (Simpson et al., 1997 (Simpson et al., , 2000 Sunyer et al., 1997; Morgan et al., 1998a, b; Spix et al., 1998; Kunzli et al., 1999; Schwartz, 1999; Samet et al., 2000; Pope et al., 2002) . Fewer studies have investigated associations between ambient air pollutants and emergency department (ED) attendances and the majority of these have reported on the associations between air pollution and ED attendances for asthma (Schwartz et al., 1993; Castellsague et al., 1995; Smith et al., 1996; Stieb et al., 1996; Tenias et al., 1998; Fauroux et al., 2000) . Only a very small number of published studies have investigated effects of air pollution on cardiovascular disease (CVD) ED attendances (Pantazopoulou et al., 1995; Xu et al., 1995; Stieb et al., 2000; Metzger et al., 2004) .
Sydney is Australia's largest city, with a population of about 3.8 million. The relationship between ambient air pollution and hospital admissions and mortality in Sydney has been previously published (Morgan et al., 1998a, b) . However, there are no reported studies from Sydney, or elsewhere in Australia, on the effects of ambient air pollution on ED attendances.
We therefore aimed to determine associations between ambient air pollutants (particulate matter measured by nephelometry (BSP), particulate matter less than 2.5 mm in aerodynamic diameter (PM 2.5 ), particulate matter less than 10 mm in aerodynamic diameter (PM 10 ), nitrogen dioxide (NO 2 ), ozone (O 3 ), carbon monoxide (CO) and sulphur dioxide (SO 2 )) and ED attendances for CVD (particularly cardiac disease, ischaemic heart disease (IHD) and stroke) in those aged 65 þ years. We focused on CVD in those aged 65 þ years because CVD is common in the elderly and this group may be more susceptible to the effects of air pollution. In Sydney, a BSP value of 2.1/10 4 /m measured at a wavelength of 530 nm corresponds to approximately 9 km visibility range and is strongly correlated with PM 2.5 (Department of Environment and Conservation, 2005) .
Materials and methods
Our 5-year study period was between 1 January 1997 and 31 December 2001. We used routinely collected data for both the exposures and outcomes. We constructed daily time series of hospital ED attendances, air pollutants and meteorological factors for the Sydney metropolitan region following the APHEA2 protocol (Atkinson et al., 2001; Katsouyanni et al., 2001; Le Tertre et al., 2002) .
ED Attendances Data
We obtained routinely collected ED attendance data for metropolitan Sydney from the New South Wales (NSW) Health Department. The NSW Health Department ED data collection for metropolitan Sydney is about 95% complete. We obtained daily numbers of ED attendances for all CVD (ICD9 390-459), cardiac disease (ICD9 390-429), IHD (ICD9 410-413) and cerebrovascular disease or stroke (ICD9 430-438) for those people aged 65 years and above. The category cardiac disease is a subset of all CVD, and IHD in turn is a subset of cardiac disease.
Air Pollution and Meteorological Data
We obtained air pollution and meteorological data from the NSW Environment Protection Authority and Bureau of Meteorology respectively. Data from 14 air monitoring stations were averaged to represent exposures for metropolitan Sydney. Data from a coastal and an inland meteorology station were averaged to represent meteorological conditions.
We followed the APHEA2 protocol (Atkinson et al., 2001; Katsouyanni et al., 2001 ) to produce same day (lag0) and lagged (lag1, lag2, lag3 days) Sydney average pollutant concentrations for particulate matter (BSP, PM 10 , PM 2.5 F 24-h averages), NO 2 (1-h average), O 3 (1-h average), CO (8-h average) and SO 2 (24-h average) and for daily average temperature and daily average relative humidity.
Statistical Analysis
We used time-series analysis to determine acute effects of daily ambient air pollution levels on ED attendances for those aged 65 years and above. We used both generalised additive models (GAMs) and generalised linear models (GLMs).
We developed a basic model for each outcome with the effects of long-term trends, seasonality, weather and other potential confounders controlled separately. GAM and GLM Poisson regression analyses were conducted in S-Plus (S-Plus 6.1 for Windows Professional Edition (Release 1), Seattle, WA, USA; Insightful Corporation; 2002) allowing for overdispersion. We used appropriate convergence criteria to overcome problems previously identified with such GAM analyses in S-Plus (Dominici et al., 2002; Katsouyanni et al., 2003) . The GAM model used a nonparametric smoother (loess) for the ''time'' variable (to control for seasonality and long-term trends), and parametric smoothers for all other variables (such as the weather terms). GLM had the same number of degrees of freedom as GAM while consisting of parametric smoothers for all variables.
This APHEA2 protocol includes certain potential confounding variables while other potential confounders are also included if model fit is improved based on the Akaike's Information Criterion (Atkinson et al., 2001; Le Tertre et al., 2002) . The protocol first removes the long-term or seasonal trends, then controls for weather, day of the week, public and school holidays, outliers and influenza epidemics (influenza epidemics were defined as days equal to or above the 90 percentile of the 7-day moving average of hospital admissions for influenza). Temporal trends were controlled using natural spline smoothers in GLM models with up to 12 degrees of freedom (four degrees of freedom for cardiac disease and IHD, nine degrees of freedom for CVD and 12 degrees of freedom for stroke). Meteorologic variables were fitted using natural spline smoothers with knots at quartiles. Same day mean temperature and relative humidity were included in all models. Lags for temperature and relative humidity were only included if model fit was improved. Outliers were visually identified by plotting raw values, residuals and fitted values and decisions to exclude outliers were based on assessing changes in the residuals. An outlier was identified for only one of the four outcomes (one outlier out of 1784 days for CVD attendances). Any remaining serial correlation was removed by including first or second order autoregressive terms separately in the model (Brumback et al., 2000) . For all four outcomes, a first order autoregressive term was included in the model.
Once we had established the basic model, we then examined the effects of individual air pollutants in singlepollutant models. We examined the effects of lagging exposure for 0, 1, 2 and 3 days (lag0, lag1, lag2 and lag3 days, respectively) as well as of a 2-day cumulative lag (L01 ¼ average of lag0 and lag1). Analyses were also conducted separately for warm (November-April) and cool periods (May-October). Finally, two-pollutant models examined the independent effects of air pollutants. Lags with the absolute greatest single-day effect were included in these two-pollutant models.
Throughout this paper, only results from GLMs are presented as there is debate about the robustness of variance estimation for GAM models (Dominici et al., 2002) while the theory for variance estimation for GLM models is well established. Results are presented as percentage change in ED attendances and associated 95 percent confidence intervals (95% CI) for an interquartile range increase in concentration for the specific air pollutant.
Results
Summary statistics for daily ED attendances, air pollutants and meteorological variables are presented in Table 1 and correlations among air pollutants and meteorological variables for both warm and cool periods are presented in Table 2 .
Daily mean number of ED attendances for all CVD was 55.2, and for cardiac disease, IHD and stroke they were 38.5, 15.8 and 11.3 attendances, respectively. Mean concentrations for all air pollutants were well below the national standards. 10 , and IHD with 24-h BSP), 1-h NO 2 , 8-h CO and 24-h SO 2 . Except for CO, all other pollutants were associated with decreased ED attendances for stroke, but these decreases in ED attendances were nonsignificant. Ambient O 3 was not significantly associated with an increase in attendances for any of the CVD outcomes.
For cool and warm periods, the GLM model results of all single-day lags for an interquartile range increase in air pollutant concentration are presented in Table 4 . Figures 1-4 illustrate the same for all year, warm and cool periods for all single-day lags. For all CVD attendances, greater effects (increased ED attendances) were seen for the cool period compared to the warm period except for O 3 . These cool period effects were significant for all pollutants except O 3 . Similar findings were reflected for cardiac disease (Table 4 and Figure 2 ). For IHD, there were greater percentage increases in ED attendances during the cool period for CO and SO 2 , and during the warm period for particulates, O 3 and NO 2 (Table 4 and Figure 3 ). The increases were significant for PM 2.5 and NO 2 in the warm period and for CO and SO 2 in the cool period. Significant decreases in stroke ED attendances were associated with particulates, NO 2 and SO 2 in the warm period and a significant increase with CO in the cool period. Stroke ED attendances were generally lower in the warm period compared to the cool period (Table 4 and Figure 4 ). /m is adopted as the level of light scatter in Sydney above which fine particle levels are categorised as ''high''. It is equivalent to about a 9 km visual distance.
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Two-pollutant all year GLM models for all CVD are presented in Figure 5 . Effects of particulates were greater (increased ED attendances) when O 3 was added to the model. For cardiac disease, the effects seen in two-pollutant models were consistent with the effects that were seen in single-pollutant models. An exception was in the case of particulates, where the effects of particulates were decreased when NO 2 or CO was added to the models. For IHD, effects seen in two-pollutant models were essentially unchanged from the effects seen in single-pollutant models. PM 10 effects were slightly reduced in two-pollutant models with NO 2 or CO, while NO 2 effect was no longer significant when CO was added to the model. In the case of ED attendances for stroke, the PM 10 effect was even more negative when CO was added to the model, while the CO effect was slightly increased when PM 10 was added to the model. Similarly, the effect of CO was increased when NO 2 was added to the model whereas the effect of NO 2 was further decreased (even fewer ED Two pollutant models: lag with largest single day effect + SO2 24hr + BSP 24hr + PM10 24hr + PM2.5 24hr + NO2 1hr + O3 1hr + CO 8hr
Two pollutant models: lag with largest single day effect SO2 24hr + BSP 24hr + PM10 24hr + PM2.5 24hr + NO2 1hr + O3 1hr + CO 8hr Figure 5 . Percentage change (and 95% CI) in all CVD ED attendances for all year period per interquartile increase in air pollutants, two-pollutant generalised linear models, Sydney, 1997 Sydney, -2001 attendances) when CO was added to the model. The singlepollutant effects of PM 2.5 , O 3 and SO 2 on attendances to ED for stroke were essentially unchanged in two-pollutant models.
Discussion
Despite low levels of ambient air pollution in Sydney, we were able to demonstrate associations between ambient air pollutants and ED attendances for CVD in people aged 65 years and above in Sydney, Australia. We found increased ED attendances for all CVD, cardiac disease and IHD with particulates, NO 2 , CO and SO 2 . All pollutants, except for CO, were associated with decreased ED attendances for stroke, and O 3 was generally not significantly associated with an increase in any of the CVD outcomes.
Of the few published studies that have investigated associations between air pollution and ED attendances for CVD, the results are inconsistent. For example, Stieb et al. (2000) demonstrated significantly increased ED attendances for angina/myocardial infarction with SO 2 only and all cardiac ED attendances with O 3 only, whereas we demonstrated significant percentage increases in ED attendances in IHD for NO 2 and CO, and in cardiac disease for all pollutants (except O 3 ). Unfortunately, Stieb et al. (2000) did not provide ICD codes for their categories of CVD and therefore we are unable to directly compare their results with ours. Our results are more consistent with those of Metzger et al. (2004) , who also found increased ED attendances for all CVD with PM 2.5 , NO 2 and CO, and for IHD with NO 2 .
We generally found greater adverse effects of air pollutants in the cool period compared to the warm period for all outcomes, whereas in Brisbane, Australia, a city with a more moderate climate than Sydney, Petroeschevsky et al. (2001) reported higher risk of CVD hospital admissions (ICD9 390-459) for SO 2 in winter but no seasonal differences for particulates, O 3 and NO 2 . Metzger et al. (2004) also reported that associations between air pollutants and CVD attendances tended to be highest in the colder months compared to the warmer months. In contrast, Stieb et al. (2000) demonstrated that air pollutant effects on ED attendances for cardiac disease were generally greater in the summer months compared to all year effects except for PM 2.5 , where the effect was smaller in summer. We also found mainly negative associations between stroke ED attendances (fewer ED attendances) and air pollutants in the warm period compared to the cool period, and in some cases the negative associations were statistically significant. Tsai et al. (2003) however demonstrated increased risk of hospitalisations for stroke on warmer days compared to cooler days. It is not clear what the reasons might be for such conflicting results.
There were also differences in the pattern of lag effects of air pollutants between the warm and cool periods for all air pollutants. In the cool period, except for O 3 , the greatest effect was seen for L0 followed by a progressive downward trend with increasing lag periods. In the warm period, however, lag effects for O 3 , NO 2 , CO and SO 2 describe a somewhat U-shape pattern whereas the particulates show little difference in the lag effects.
We investigated the effects of air pollutants in twopollutant models, as effects found in single-pollutant models may be due to uncontrolled confounding by other pollutants. The point estimates from single-pollutant models were generally unchanged, except for the point estimates for particulates and NO 2 , which were attenuated when CO was added to the single-pollutant models. This may be explained by the moderate correlations between particulates (especially PM 2.5 ), NO 2 and CO in our data. Similar findings have been reported by Metzger et al. (2004) , who found attenuation of PM 2.5 and NO 2 effects in two-pollutant models with CO. We did not examine multipollutant models with more than two air pollution variables, as the results from these models can be difficult to interpret (Schwartz et al., 1996) . Our findings are corroborated by studies that have investigated effects on other CVD outcomes, for example, hospital admissions and mortality. Internationally, ambient air pollutants have been associated with both hospital admissions for CVD (Ponka and Virtanen, 1996; Schwartz, 1999; Pope, 2000; Morris, 2001; Koken et al., 2003; Tsai et al., 2003) and mortality from CVD (Zmirou et al., 1998; Pope, 2000; Kwon et al., 2001; Hong et al., 2002) .
In Sydney, there were increased hospital admissions for heart disease (ICD9 410, 413, 427, 428) in those aged 65 þ years with same day particulate and NO 2 concentrations in single-pollutant models (Morgan et al., 1998a) . The NO 2 effect remained in a three-pollutant model that included particulates and O 3 . In a mortality study, Morgan et al. (1998b) reported associations, in single-pollutant models, only between particulates and CVD. These associations became nonsignificant in a three-pollutant model that also included NO 2 and O 3 . In our study, which included the same study area, we also found associations between particulates and NO 2 and ED attendances for CVD, which lends coherence to the premise that air pollution exacerbates or initiates CVD, at least in Sydney.
The strengths of this study include the long time series, the adjustment for long-term time trends, weather and other potential confounders (influenza season, day of week effect, and public and school holidays) as well as the consideration of autocorrelation in the data. However, there are also a number of limitations to our study. We used an administrative database in which about 95% of all ED attendances in Sydney are routinely recorded. This proportion, however, remained constant throughout the study period and there were no changes to the data collection system. Although the recorded diagnosis was that diagnosis made at discharge from ED, there is the possibility that ED diagnoses may have been inaccurate. However, Stieb et al. (1998) reported an absence of ED diagnostic bias for cardiac disease between low-and high-pollution days. Therefore, any measurement error would be expected to be nondifferential and drive associations between air pollution and ED attendances towards the null value. Similarly, although we measured exposure at the aggregate level (using data from ambient air monitoring stations) rather than at the individual level, any measurement error would again be nondifferential and produce conservative relative risks.
Our results have important population health implications. We observed associations between a number of air pollutants and ED attendances for CVD in a city where the ambient concentrations of air pollutants are relatively low compared to similar sized cities. For example in the 5-year study period, there were only 7 days where 24-h PM 10 levels exceeded 50 mg/m 3 and 17 days when 24-h PM 2.5 exceeded 25 mg/m 3 . For PM 10 , six of the seven exceedences occurred during a severe bushfire episode. There were no exceedences for SO 2 , NO 2 and CO and there were only 6 days where the 1-h O 3 exceeded 100 p.p.b. The coherence of results from this study and previous studies conducted in Sydney provide supporting evidence that air pollution has acute effects on CVD. Further, although the morbidity risks of air pollutants are small, as whole populations are exposed to ambient air pollutants, the population attributable risk could be substantial. Motor vehicle emissions contribute to a substantial proportion of the city's urban air pollution mix and hence strategies to reduce air pollution levels should include ways to reduce motor vehicle dependence. Lastly, in our study, we are not able to establish if the demonstrated effect was merely bringing forward by days or weeks ED attendances that would otherwise still occur (''harvesting'' effect) (McMichael et al., 1998; Schwartz, 2000; Schwartz, 2001) . We agree with others (Morris, 2001) who suggest that future studies should investigate the effects of such ''harvesting''.
